Dogs (Canis familiaris) are among the most abundant and widely distributed carnivores worldwide, and their presence can have negative impacts on native fauna. This study investigated the invasion of cacao agroforests by free-ranging dogs in Brazil. By monitoring the behavior of dogs using direct observations, we assessed whether direct (chasing and predation) and indirect (urine and fecal deposition) interactions with wildlife are more common when dogs enter the agroforests with humans than when they stay outside. We also compared the time that dogs spent inside versus outside the agroforests, and estimated their areas of use. The dogs (n = 10) spent a small fraction of the time without their owners, and only when moving inside the cacao agroforests. The dogs fed and rested more in open habitats and house surroundings than in agroforests, but they were more active and depredated wildlife exclusively in the latter. Kernel estimates of space use at the 50% and 95% levels ranged from 1 to 46 ha and 6 to 202 ha, respectively. Most of the area used by dogs was within cacao agroforest, while core areas were concentrated near human residences and in places of owner permanence in cacao agroforest. Human movement was a key determining factor in the use of space by the dogs. Changes to human behaviors toward their dogs must be considered if the direct and indirect impacts of dogs on wildlife are to be mitigated. Cães (Canis familiaris) estão entre os carnívoros mais abundantes e amplamente distribuídos em todo o mundo e sua presença pode gerar impactos negativos à fauna nativa. Este estudo investigou a invasão de agroflorestas de cacau por cães errantes no Brasil. A partir do monitoramento de cães usando observações diretas, testamos se as interações diretas (perseguição e predação) e indiretas (deposição de fezes e urina) com a fauna silvestre são mais comuns quando os cães entram nas agroflorestas com humanos do que quando permanecem fora deste sistema. Também comparamos o tempo que os cães gastam dentro e fora das agroflorestas, e estimamos suas áreas de uso. Os cães (n = 10) permaneceram uma pequena parte do tempo sem seus donos, apenas quando se deslocavam pelas agroflorestas de cacau. Os cães se alimentaram e repousaram mais frequentemente em habitats abertos e no entorno das residências do que nas agroforestas, mas foram mais ativos e predaram animais silvestres exclusivamente no último sistema. O uso do espaço estimado pelo kernel 50% e 95% variou de 1 a 46 ha e de 6 a 202 ha, respectivamente. A maior parte da área utilizada pelos cães esteve dentro da agrofloresta de cacau, enquanto as áreas núcleo se concentraram nas proximidades da residência e nos locais de maior permanência
Dogs (Canis familiaris) are among the most abundant and widely distributed carnivores worldwide (Wandeler et al. 1993; Ferreira et al. 2011) , and could negatively affect native populations of vertebrates and other prey species directly through predation, disturbance, disease transmission, competition, and hybridization (Hughes and Macdonald 2013; Doherty et al. 2017) . Indirect effects, mediated by fear, may also occur. Dogs that are being walked while on leads have been shown to reduce both the local abundance and richness of birds in remnant patches of vegetation (Banks and Bryant 2007) .
In human-modified landscapes, different land uses that are managed in an integrated manner with protected areas are likely to increase opportunities for biodiversity conservation (Gardner et al. 2009 ). For example, agroforestry systems that combine crop cultivation and native trees can provide habitat and reduce the isolation of remnants of native vegetation, increasing opportunities for animals to disperse and reducing edge effects (Schroth and Harvey 2007; Perfecto and Vandermeer 2008) . However, such systems can also attract free-ranging dogs, especially those that follow their owners into the area for work or recreational purposes (Frigeri et al. 2014) , and may not limit the invasion of native habitats by dogs, which are common in forest edges near human-dominated environments (Paschoal et al. 2012 (Paschoal et al. , 2016 Soto and Palomares 2015) .
The negative relationship between occurrence of native species and invasion by dogs has been previously reported in several studies, in both native and anthropogenic environments (Silva-Rodríguez et al. 2010; Vanak and Gompper 2010; Silva-Rodríguez and Sieving 2012; Cassano et al. 2014) . In some cases, the number of dogs explains wildlife distributions better than local vegetation structure or the amount of native remnant vegetation . Nevertheless, dog behaviors can be influenced by humans, and humans may influence dog-wildlife interactions, especially if the dogs access patches of remnant vegetation or anthropogenic environments used by wildlife while accompanying their owners. The high diversity of species inhabiting agroforests worldwide (Bhagwat et al. 2008) suggests that these are important systems in which to understand the extent of human influence on dog-wildlife interactions. Moreover, these systems can harbor species assemblages as rich as nearby native environments, although they tend to have greater richness and abundance of generalist or invasive species (Pardini et al. 2009; Cassano et al. 2012) .
In this study, we investigated interactions between free-ranging dogs, humans, and wildlife in a landscape dominated by cacao agroforests, with small patches of open habitats and native forest remnants, in southeastern Bahia, Brazil. The open habitats were not expected to support much wildlife, and include pastures for cattle grazing, annual crops, and cleared areas around houses. By tracking 10 dogs using direct observations, we describe the behaviors of dogs, including behaviors that could negatively affect native fauna, and estimate the home range sizes of individual dogs and the main land uses within these ranges. We tested the specific hypothesis that negative behavior toward wildlife is more common in cacao agroforests than in open habitats, as the former harbor richer and more abundant assemblages of native species than the latter. We also assessed the amount of time that dogs spent with their owners, to determine whether humans influence dog movements and behavior. This study provides detailed insights into both the direct and indirect effects of free-ranging dogs on wildlife and how free-ranging dogs interact with humans. The results have important implications for determining how best to mitigate the deleterious effects of dogs on wildlife in similar agroforest systems around the world.
Materials and Methods
Study region.-The study was conducted in the Ilhéus and Uruçuca municipalities, within the Atlantic forest biodiversity hotspot in Brazil (Fig. 1) . Native vegetation is tropical lowland rainforest (Oliveira-Filho and Fontes 2000) , and occurs as fragments (10-200 ha) immersed in a matrix of cacao plantation (Theobroma cacao, Malvaceae) that forms the main land use (59%). The landscapes are typical of the cacao-growing region of southern Bahia, Brazil, and harbor many endemic and threatened species that use cacao agroforests (Cassano et al. 2009 ). Mean annual temperature is 24°C, and rainfall is around 1,800 mm/year. The region lacks a distinct dry season, but a warmer and rainless period occurs between December and March (Mori et al. 1983) .
Cacao agroforests in southern Bahia resemble native forests, but are structurally simpler and less diverse (Sambuichi 2006; Sambuichi et al. 2012) . Despite simplification of the vegetation, these systems harbor many native animals: 173 species of birds, 41 bats, and 13 small-and 17 large-sized terrestrial mammals have been recorded in the cacao agroforests compared to 150 species of birds, 27 bats, and 11 small-and 15 large-sized mammals in neighboring forest remnants (Pardini 2004; Faria et al. 2006; Cassano et al. 2012) .
Animal selection.-We randomly selected 10 focal dogs (5 males, 5 females) for the study from 213 dogs known to occur in the region (Santos et al. 2017) . Detailed information obtained on 151 of these dogs (C. R. Cassano, pers. obs.) revealed that 73% of them were mixed-breed, 80% moved freely (rural free-ranging dogs, following the classification of Vanak and Gompper 2009a) , and 66% entered cacao agroforests accompanying their owners. Dogs selected for the study met the following criteria: 1) adults; 2) able to move freely and follow rural workers (dog owners) into the cacao agroforests; 3) come from different households or not be owned by the same individual; 4) in good health (i.e., no apparent injuries, and able to walk and feed normally); and 5) not pregnant or nursing pups (females).
Observations.-Workers in the study region live in dwellings dispersed throughout the cacao crop, typically leaving their houses to work in the agroforest by day and moving close to patches of remnant forest. In a censused area of 28.5 km 2 (roughly 10% of the study region), the density of houses is 3.0 per km 2 , and dog density about 7.5 per km 2 . Each focal dog was tracked by direct observation for 6 nonconsecutive days (average interval was 28 ± 33 days; mean ± SD), from 0700 to 1700 h, between December 2014 and September 2015. Animals were tracked only on days their owners were actively working (full-or part-time) in the cacao plantation, independently of the time their owner spent in this system. We interchanged periods of 10 min of continuous animal focal records (Altmann 1974) and 10 min of ad libitum records of behaviors considered to be potentially negative to fauna (see description below). During continuous observations, we used 10 s as a threshold before recording new behaviors; for example, a dog that sat for ≤ 9 s while walking would not be scored as having sat, but a dog that sat for ≥ 10 s would be so recorded. However, all behaviors considered to have potentially negative effects on fauna (see below) were recorded, even if they were shorter than 10 s.
We used 11 categories to describe dog behavior (Table 1) . We considered the following behaviors to have potentially negative effects on native fauna: chasing, predation, urination, and defecation. Chasing and predation were considered to be direct effects of dogs on wildlife, whereas urination and defecation were considered to represent indirect effects that could potentially transmit diseases, or engender fear or aversive responses by wildlife (Banks and Bryant 2007; Curi et al. 2010) . Each time we recorded a chase event, we identified the chased animal either visually or through investigation of its tracks. Whenever possible, other signs such as animal tracks, burrows, or feces inspected by dogs were identified using specialized guides to the local fauna (Becker and Dalponte 1991; Moro-Rios et al. 2008) .
At 20-min intervals, we recorded the successive geographic location, or "fix," of each dog under observation with a handheld GPS unit, which described animal trajectories. We also recorded the time and geographic location of every behavior potentially negative to native fauna. Each geographic location was assigned to an open environment (road, pasture, residence and surrounding areas) or as cacao agroforest (which also included small forest patches within the agroforest), and described as near or far away (out of view) from the respective dog owner. Data analyses.-We quantified the frequency of chasing, predation, urination, and defecation and the time spent in inspection of animal signs, travel, resting, exploring, feeding, scratching, and vigilance for each dog in each habitat (agroforest or open). We used a principal component analysis (PCA) to compare whether the frequency of dog behaviors differed in the open environments versus the agroforest. We also used a permutational multivariate analysis of variance (PERMANOVA) to test if activity budgets of dogs differ between cacao agroforest and open habitats, and similarity percentages (SIMPER) with permutations to identify the dog behaviors that contributed to any observed differences. In both tests, permutations were clustered by individual to account for the repeated samples of the same dogs. All analyses were performed in R (R Development Core Team 2015), using the "vegan" package (Oksanen et al. 2016) .
We used the biased random bridge kernel estimator (BRBKBenhamou 2011) with 95% and 50% isopleths to delimit the home range and core areas of each animal, respectively. The BRBK describes the animal's space use based on the properties of a biased random walk between successive pairs of locations. This method does not assume a purely diffusive movement between successive locations, but rather considers that the animal walks in a "preferred" direction to the next point. This approach is considered one of the most realistic and adequate for space use analysis based on movement data (Dürr and Ward 2014) . We consider this an adequate approach to describe the space use of the dogs in our study, as they present oriented movements, guided by their senses. The BRBK was estimated using the BRB function in the "adehabitatHR" package (Calenge 2006) in R. The diffusion coefficient (D), which is associated with the animal's mobility in the habitat, was estimated by the maximum likelihood approach using the BRB.likD function (Calenge 2006) . We set τ (a parameter that controls the time lag between interpolated relocations) to 2 min, which is 10% of the minimum time intervals between fixes (20 min), creating at least 9 interpolated points between successive locations. We set T max (the upper time threshold between successive relocations) to 60 min to exclude track segments longer than 60 min in time (i.e., > 2 successive missing fixes) from kernel computation.
In addition, we set the minimum smoothing parameter (h min ) to 10 m, assuming that this is the minimum uncertainty over each animal location, including GPS and habitat map errors (for parameter details, see Benhamou 2011) . Overlay operations between the areas used by the animals and land use maps were performed in ArcGIS 10 (ESRI, Redlands, California) to calculate the amount of open environment and cacao agroforest within each dog's range.
results
We collected a total of 312 h and 48 min of focal observations of dogs. The average lengths of time that we observed each dog in cacao agroforests and open habitats were 15 ± 3 h (X ± SE) and 16 ± 2 h, respectively. Dogs spent only 21 h and 16 min (7% of the total animal focal time) away from their owners, and only 1 h and 2 min (0.3%) inside forest remnants. Resting was the most common behavior (51%), followed by travel (17%), vigilance (12%), scratching and feeding (6% each), exploring (4%), and inspection of animal signs (2%). Dogs were observed feeding on bird and mammal carcasses (n = 8), eggs (n = 2), fruits and roots (banana, jackfruit, avocado, African oil palm, Brazilian cherry, and cassava; n = 19), feces (n = 25), and grass (n = 81). We recorded 800 urination events and 82 fecal deposition events. Dogs inspected animal signs, mostly burrows (n = 137), and were observed chasing (n = 19; mainly small-to mid-sized mammals and lizards) and preying upon wildlife (n = 9; mainly rodents; Table 2 ; Supplementary Data SD1).
Behaviors.-The PCA revealed that more-active behaviors of dogs were undertaken in cacao agroforest (negative values along axes 1 and 2), whereas relatively less-active behaviors occurred in the open habitats (positive values on axis 2; Fig. 2) . A difference in activity budgets between cacao agroforest and open habitats was confirmed by PERMANOVA (P = 0.005) and SIMPER permutations. Exploring (P = 0.01), inspections of animal sign (P = 0.004), travel (P = 0.02), and predation (P = 0.004) were more common in cacao agroforest, whereas feeding (P = 0.04) and resting (P = 0.05) were more common in open areas (Supplementary Data SD2 and SD3). Space use.-We recorded 1,541 fixes of the dogs studied, with an average of 154 ± 8 fixes (X ± SE) per individual. The areas used by dogs (kernel BRB 95%) ranged between 6.1 and 202.2 ha, with core areas (kernel BRB 50%) ranging between 1.4 and 46.5 ha. All animals included a much larger proportion of their observed range in cacao agroforest (89.4 ± 2.1% on average) than in open habitat (Table 3 ; Fig. 3 ; Supplementary Data SD4), but core areas were located mostly around households and in sites where dog owners worked (mostly within the cacao agroforest). Urine marks were concentrated inside the core areas and along trails within cacao agroforest. Fecal deposition was concentrated in the core area around the household where dogs resided. Predation events on wildlife never occurred in the core area around the household, and only 1 dog chased wildlife (lizards and black vultures) near its house (Table 4 ; Fig. 3 ; Supplementary Data SD4).
discussion
Predation events were observed in cacao agroforest but not in open habitats, even though dogs were observed for similar amounts of time in each habitat. This disparity supports our hypothesis that negative behaviors toward wildlife in our study region occur more in the agroforest than in open habitats. The frequency of chasing events did not contribute to overall dissimilarity in the activity budgets of dogs, but while lizards and black vultures were chased in open habitats, tegus (Tupinambis sp.), agoutis (Dasyprocta iacki), armadillos (Dasypus novemcinctus), golden-headed lion tamarins (Leontopithecus chrysomelas), and marmosets (Callithrix khulii) were chased in cacao agroforests. Thus, less-common species, including 1 threatened species (golden-headed lion tamarin), were chased in the latter system, suggesting that this interaction is likely to affect species of greater conservation concern in agroforests. Moreover, inspection of animal signs also was observed exclusively in cacao agroforests, supporting the idea of greater opportunity for dog-wildlife interactions in this habitat.
Niche overlap between free-ranging dogs and wild carnivores is typically relatively low (e.g., values of 16% and 25% were reported by Gompper 2009b and Silva-Rodríguez et al. 2010 , respectively) compared to niche overlap among the wild carnivores (e.g., 45-67% reported by Azevedo et al. 2006 , and 96% reported by Gatti et al. 2017) ; the main reason being the great amount of human-derived food in the diet of dogs. Nevertheless, given that a large dog population is subsidized by humans, some negative impacts may be experienced by populations of prey and competitor species (Vanak and Gompper 2010) . Our results suggest that the predation rate on wildlife by free-ranging dogs is low (0.1 vertebrates/day/dog; Table 2 ). However, if one-half the resident dog population, with a density of 7.5 individuals/km 2 in our study region, was to enter cacao agroforests on 50% of days (which approximates the actual situation in our study region), this would equate to a kill rate of 67 vertebrates/km 2 every year. This value is within the same order of magnitude of estimated kills of birds by feral cats in Australia (35.6 birds per km 2 per year- Woinarski et al. 2017 ) and of mammals and birds by owned cats in the contiguous United States (253 mammals and birds per km 2 per year-Loss et al. 2013). Although we are unaware of any equivalent estimates of predation rates by dogs, the estimates of predation by owned and free-ranging cats in the United States and Australia are supposed to be among the major impacts on wildlife in those countries (Loss et al. 2013; Woinarski et al. 2017) .
While direct predation is reported to be the main threat posed by free-ranging dogs toward wildlife (Doherty et al. 2017) , indirect effects of predation, such as chasing and territorial scent marking, may also reduce native species density and change organismal distributions. Based on a meta-analysis of predator-prey interactions in aquatic and terrestrial ecosystems, Preisser et al. (2005) suggested that the impact of intimidation on prey demographics can be as strong as the impact of direct consumption. Free-ranging dogs have been reported to shape the spatial and temporal distributions of both prey and competitor species (Silva-Rodríguez et al. 2010; Silva-Rodríguez and Sieving 2012) , but no demographic effects of such fearmediated changes have been estimated (but see Manor and Saltz 2004; Banks and Bryant, 2007) . In cacao agroforests in southern Bahia, dogs were the most common terrestrial predator encountered by golden-headed lion tamarins (AlmeidaRocha et al. 2015), a threatened species highly dependent on cacao agroforest as habitat (Raboy et al. 2010 ). Furthermore, the use of cacao agroforest by medium-sized mammalsincluding golden-headed lion tamarins and other potential prey and competitor species-was negatively related to the rate that dogs were recorded there . Here, we found lethal and nonlethal interactions (predation, chasing, and territorial marking) between dogs and wildlife through the entire area used by dogs (individual dog ranges were up to 202 ha), with territorial marking occurring especially in areas around houses and along trails, chasing species of conservation concern, and predation events taking place exclusively in agroforest. These results suggest that both predation and intimidation might impact wildlife.
Home ranges of tracked dogs varied in size as previously described for free-ranging rural dogs (e.g., 141-2,451 ha by Meek 1999; 0.87-131 ha by Molloy et al. 2017 ; 2.1-40 ha by Dürr and Ward 2014) . Food availability and distribution, and individual characteristics (including personality, age, size, sex, breed, and health) can shape the home range of free-ranging rural dogs (Meek 1999; Dürr and Ward 2014; Molloy et al. 2017) . Because most of these animals depend largely on human-derived food, the human-dog interaction affects the ranges of dogs through resource distribution. While this certainly happens in our study region-core areas always included the house where dogs were fed-humans also determine the home range of dogs by bringing them into agroforests while working. Reasons for that include companionship, safety, and opportunistic hunting (C. L. A. dos Santos, pers. obs.) . This human-assisted invasion has been described by Frigeri et al. (2014) , with higher activity of dogs in agroforests with more intensive management practices, and more visits of dogs in agroforests during working days and working hours. The current study leaves no doubt that the human-dog interaction is a major factor driving agroforest use by free-ranging dogs. This has relevant consequences for native species, especially diurnal species and those with reproductive periods that occur during periods of high activity by humans in agroforests. Controls on the size of dog populations and health care are commonly advocated practices to reduce impacts of dogs on wildlife and human populations (e.g., Schurer et al. 2015) , and our results suggest it could improve wildlife conservation in agroforestry landscapes. We also suggest constraining dogs at households as another way to reduce the impact of dogs on wildlife in agroforestry landscapes. A further strategy could be to increase knowledge of dog owners about species of conservation concern at risk from impacts by dogs. Previous studies have reported the use of space by freeranging dogs in rural environments (e.g., Meek 1999; SilvaRodríguez et al. 2010; Dürr and Ward 2014; Molloy et al. 2017 ) but, to our knowledge, none has simultaneously tracked movement and behavior of dogs through direct observations, allowing direct records to be made of dog-wildlife interactions, locations of dog behaviors, and understanding how activities of dogs are influenced by humans. Focal observation is a common method applied in behavioral studies of some mammal groups (e.g., primates-Almeida-Rocha et al. 2015), but few possibilities exist to develop similar studies on free-ranging carnivores, as most species cannot be closely followed. Because working dogs are used to humans, the presence of an observer is likely to interfere little on their behavior and, if any interference occurs, we have no reason to believe this would increase negative behaviors toward wildlife. On the contrary, observer presence could more likely reduce negative behaviors toward wildlife, and thus our data in this regard would underestimate interference effects. Further understanding of the impact of agroforest invasion by dogs will come from quantifying the effect of direct and indirect interactions on native animal populations. This can be attained by studies on space and time partitioning, analysis of diet and niche overlap (e.g., Silva-Rodríguez et al. 2010) , from direct information on predation and chasing events (through focal observation as in this study or through animalborne video cameras-e.g., Loyd et al. 2013) , and from evaluation of the presence and prevalence of canine pathogens on wildlife (e.g., Curi et al. 2010) .
Overall, our study shows that use of agroforests by freeranging dogs increases the occurrence of dog-wildlife interactions and thus the potential for negative impacts on native species. Wildlife predation occurred exclusively in agroforests, with dogs chasing species of conservation concern in this system. Predation events were rare, but could have important impacts on wildlife because a large dog population is subsidized by humans. Indirect interactions mediated by territorial scent marking may also influence wildlife. Dogs concentrate scent marking around households, and along trails and in sites where dog owners worked inside the agroforests. While freeranging dogs spend the same amount of time in agroforests and open habitats, the area used in the former was roughly 10 times greater. The human-dog interaction is a major factor driving the use of space by the dogs in the study landscape, as rural workers frequently bring their dogs into agroforests while working. Changes to human behaviors toward their dogs are needed to mitigate the direct and indirect impacts of dogs on wildlife.
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